Elderly humans over 65 years old are at great risk to pathogenesis by influenza virus infection. However, although influenza vaccines provide effective protection in healthy young adults, protection of elderly adults is substantially lower even with a good match between the vaccine and the circulating influenza virus. To gain insight of the underlying mechanism for the reduced immunogenicity of influenza vaccines in the aged population, we investigated immunogenicity of influenza virus-like particle vaccines in aged mice, which represent a useful model for studying aging associated impairment in immune responses. Specifically, we investigated the effect of inhibiting regulatory T cells in aged mice on induction of protective immune responses by influenza vaccines. Our results showed that injecting anti-CD25 antibodies could down-regulate CD25 on the surface of regulatory T cells and significantly increase the levels of antibody responses induced by VLP immunization in aged mice. Further, the profiles of antibody responses were also changed towards Th1 type by regulatory T cell blockage in aged mice. Moreover, aged mice that were treated by anti-CD25 antibodies prior to vaccination were more effectively protected against lethal influenza virus challenge.
Introduction
Influenza virus is a highly contagious airborne pathogen and a major threat to public health. Seasonal epidemics of human influenza virus infection cause extensive mortality and morbidity worldwide each year. More gravely, occasionally influenza viruses of zoonotic origin may cross the species barrier to cause large scale human pandemics. Over the past century, there have been four recorded human influenza pandemics in the years 1918, 1957, 1968, and 2009 , and all have originated from zoonotic influenza viruses with three from avian-origin and one from swine-origin influenza virus [1] [2] [3] [4] . Currently, 18 HA subtypes and 11 NA subtypes have been identified for influenza A virus and of these, 16 HA subtypes and 9 NA subtypes exist in aquatic and migratory birds [5] [6] [7] . Among these, only 3 HA subtypes (H1-H3) and 2 NA subtypes (N1-N2) have been recorded in human type A influenza virus epidemics. However, the potential of other avian influenza virus (AIV) subtypes to break the species-barrier and attain transmissibility in humans also poses a grave threat to public health [8, 9] . In recent years, several AIV subtypes have acquired the ability to break species barriers and directly infect humans or other mammalian species, including the highly pathogenic H5N1 avian influenza viruses (HPAIV), H7N7, H9N2, H6N1, H10N8, and H7N9 AIVs [10] [11] [12] [13] [14] [15] . Amongst the different AIV subtypes that have caused human infections, H7N9 AIV is of particular concern. Since its emergence in the spring of 2013 in China, the ongoing H7N9 outbreak has caused over 1500 human infections with over 600 deaths. Further, H7N9 AIV infection has been reported to cause more severe symptoms and relatively higher mortality in elderly humans, a population that is also burdened with higher morbidity and mortality rates by seasonal human influenza virus infection.
Elderly humans over 65 years old constitute up to 90% of all mortality associated with seasonal influenza virus infection [16, 17] . Moreover, results from human seasonal influenza vaccine efficacy studies have shown that although these vaccines provide effective protection in healthy young adults with up to 90% efficacy, protection of elderly adults is substantially lower with efficacy between 20 to 70% [18] [19] [20] [21] [22] . The reduced immunogenicity of influenza vaccines in aging hosts can be largely attributed to immunosenescence, which is a hallmark of the aging process and is manifested by reduced immune responses to vaccination and increased susceptibility to virus infection [23] [24] [25] . Thus, understanding the underlying mechanism of reduced influenza vaccine immunogenicity in aged hosts is critical for developing more effective vaccines to protect the aging population against infection and pathogenesis of seasonal as well as emerging influenza viruses.
One of the prominent characteristics of immunosenescence is the increase in the percentage of regulatory T cells (Treg) in aged hosts [26, 27] . Treg are a subpopulation of CD4 T cells which play important roles in maintaining immunological self-tolerance and controlling immune responses from inducing tissue damage [28] . These cells constitutively express the CD25 on the surface and exhibit suppressive capabilities to T cell proliferation [29] . Notably, a unique molecular marker, Foxp3 (forkhead winged helix protein 3), has been identified that is expressed solely in Treg cells [30, 31] . Several studies showed that injection anti-CD25 antibodies in mice to deplete Treg enhanced induction of immune responses [32, 33] . On the other hand, it was reported that influenza virus infection in aged mice but not young mice resulted expansion of Treg cells [34] . Altogether, results from these studies suggest that regulatory T cells may play an important role in regulating activation of immune responses in aged animals and elderly humans. We have previously shown that immunization with influenza virus-like particles (VLPs) or inactivated influenza virus vaccines (IIV) induced significantly lower levels of antibody responses in aged mice than in young adult mice [35] . Further, it was observed that a higher vaccine dose is required to confer a complete protection against influenza virus infection in the aged mice. In the present study, we investigated the role of Treg in modulating immunogenicity of influenza VLP vaccines in aged mice. Our results showed that injection of anti-CD25 antibodies into aged mice effectively reduced the portion of Tregs in mouse spleens, and resulted in significant increase in vaccine-induced antibody responses that conferred more effective protection of aged mice against lethal influenza virus challenge.
Materials and methods

Mice and influenza virus
Young adult female Balb/c mice (8 week-old) were purchased from the Charles River Laboratory, and housed in isolated chambers at the animal facility of the Emory University until 18-month old for use in immunization and challenge studies. All animal studies were carried out in accordance with guidelines of the Institutional Animal Care and Use Committee (IACUC) at Emory University.
Influenza virus A/PR/8/34 has been maintained in our group over 10 years. Mouse-adapted influenza virus A/PR/8/34 (H1N1) was prepared as lung homogenates from intranasally infected naïve mice and stored at −80 °C in aliquots until use. The titer of the challenge virus stock was first determined in chicken eggs to calculate the 50% egg-infectious dose (EID50) and then the 50% lethal infectious dose (LD50) was determined in young naïve mice (Balb/c, 8 weeks old). It was calculated that the LD50 of the challenge virus stock was approximately 10 4 EID50.
Production and characterization of influenza VLPs
Influenza VLPs were produced in Sf9 insect cells by co-expression of influenza virus M1, HA, and NA proteins using the recombinant baculovirus expression system as described in previous studies [35] . Briefly, Sf9 cells (2 × 10 6 /ml) were co-infected with rBV-HA/NA and rBV-M1 at MOIs (multiplicity of infection) of 5 and 2 respectively, and VLPs released into the medium were collected at 60 hr post infection. After clarification of cell debris, VLPs were concentrated by ultra-centrifugation and further purified through a discontinuous sucrose gradient (10-50%). Purified VLPs were then concentrated by ultra-centrifugation and re-suspended in PBS. Protein concentration of VLPs was determined using a BCA assay kit and the VLP preparations were adjusted by PBS to a final protein concentration of 1 mg/ml. Purified VLPs were characterized by Coomassie blue as well as Western blot analysis for the presence of HA and M1 proteins and the amount of incorporated HA proteins was analyzed by densitometry analysis using Fluoro-Chem FC2 Imaging Illuminator coupled with AlphaEaseFC software (Alpha Innotech, San Leandro, CA). The influenza VLPs were further examined by electron microscopy using a Hitachi-H7500 transmission electron microscope (Hitachi. Ltd., Tokyo, Japan) by negative staining with 1% uranyl acetate, following established protocols [36] . Simian immunodeficiency virus (SIV) Gag VLPs were produced using recombinant baculovirus expressing the SIV Gag and purified following the same procedure, and used as control VLPs in this study as indicated.
Immunization and challenge of mice
Groups of young (8 weeks old) and aged mice (18 months old) were immunized by intramuscular injection (IM) twice at 4-week intervals with 10 or 1 μg of influenza VLPs or 1 ug of IIV vaccines dissolved in 100 ul PBS as indicated for each group. Aged mice (18month old) were immunized twice with influenza virus-like particles (VLPs) at 4-week intervals. To investigate the effect of Tregs on induction of immune responses, Tregs were depleted by intraperitoneal injection of a monoclonal anti-CD25 antibody, PC61, 3 days prior to each immunization, only before priming immunization, or only before the boosting immunization. The control group mice received rat-IgG isotype control antibodies prior to each immunization. Blood samples were collected at two weeks after each immunization and antibody responses induced by different immunization regimens were compared by ELISA as well as hemagglutination inhibition assays. At four weeks after the final immunization, mice were challenged by 100 LD50 of a mouse-adapted influenza virus A/PR/8/34 and monitored for weight changes and signs of illness on daily basis. At two weeks after the second immunization, serum samples were collected by retro-orbital bleeding, heat-inactivated ay 55 °C for 30 min, and stored in −80 °C until analysis. At four weeks after the second immunization, mice were lightly anesthetized by isofluorane and challenged by intranasal instillation of 100 LD50 (approximately 10 6 EID50) of the homologous mouse-adapted influenza virus A/PR/8/34 (diluted in 50 μl PBS). Mice were monitored daily for weight changes and signs of disease for 14 days, and mice that exhibited over 25% body weight loss were sacrificed in accordance with IACUC guidelines.
ELISA
Influenza HA-specific antibodies were measured in individual mouse sera by ELISA following established protocols [37] . A recombinant vaccinia virus expressing an HA-his fusion protein (The ecto-domain of influenza virus A/PR/8/34 HA was fused with a histag segment HHHHHH at its C-terminus) was generated and used to infect Hela cells. At 48 hr post-infection, supernatant was harvested and HA-his protein released into the medium was purified using Ni-NTA agarose beads (QIAGEN, Valencia, CA). Purified HA-his proteins were characterized by Coomassie Blue staining and Western blot. Purified HA-his proteins were used as coating antigens and a standard curve was constructed by coating each ELISA plate with serial 2-fold dilutions of purified mouse IgG with known concentrations (eBioscience, San Diego, CA). The concentrations of HA-specific antibodies in serum samples were calculated using the obtained standard curves and expressed as the amount of HA-specific antibodies in 1 ml of serum samples (ng/ml).
Hemagglutination inhibition (HAI) assay
The HAI assay was performed following established protocols [38] . Briefly, mouse sera was heat-inactivated at 56 °C for 1 h and then treated with receptor destroying enzyme (Denka Seiken, Tokyo, Japan) at 37 °C overnight according to the manufacturer's instruction. After treatment, 25-μl aliquots of 2-fold serially diluted serum samples were incubated with 25-μl virus containing 4 HA units of influenza virus A/PR/8/34 at 37 °C for 1 h, followed by incubation with 50 μl of 0.5% chicken red blood cells (LAMPIRE Biological Laboratories, Pipersville, PA) at 25 °C for 45 min. The HAI titer was defined as the reciprocal of the highest serum dilution that inhibited hemagglutination.
Fluorescence staining and flow cytometry analysis of Treg
Aged mice (18-month old, groups of 3) were treated by IP injection of 400 ug anti-CD25 antibody PC61 of the rat isotype control antibody, and sacrificed 3 days later to prepare splenocytes following established protocols [39] . The splenocytes were either directly stained or stained after 12 hr culturing in RPMI medium plus 10% fetal calf serum. For fluorescence staining of Treg, i.e. the CD25+/FoxP3+ CD4 T cells, splenocytes from each groups of mice (treated with PC61 or control antibodies) were pooled together, washed twice with PBS containing 3% fetal calf serum, and then stained for surface expression of CD8, CD4, and CD25 with PerCP-conjugated rat anti-mouse CD8, FITC-conjugated rat anti-mouse CD4, and APC-conjugated rat anti-mouse CD25 antibodies respectively. The cells were washed twice again with PBS containing 3% fetal calf serum, followed by fixing and permeabilizing with Fix&Perm buffers, and then stained for intracellular expression of FoxP3 proteins with PE-conjugated rat anti-mouse FoxP3 antibody phycoerythrin antibodies, All antibodies and Fix&Perm buffers were purchased from BD Pharmingen (San Diego, CA). After staining, the splenocytes were analyzed by flow cytometry on a BD FACS-Calibre Station (BD Immunocytometry Systems, San Jose, CA) and data was analyzed with the Flowjo 4.2 software (Tree Star, Ashland, OR). Lymphocytes were gated by the size of the cells based on Forward-and Side-Scattering values, and CD4 T cells were gated as CD4+/CD8− cell population, which were then further analyzed for surface expression of CD25 and intracellular expression of FoxP3.
Statistical Analysis
The average value and standard deviation for the level of immune responses within each group were calculated for comparison and the significance of the differences between the results from different groups was determined by a student t test using the Excel program (Microsoft, Redmond, WA).
Results
Administration of anti-CD25 antibody to aged mice down regulate FOXP3-expressing CD4 T cells
We first investigated the effect of injecting anti-CD25 antibodies on the level of Treg, defined as CD25+/FoxP3+ CD4 T cells, in aged mice. Mice (18 month-old, 3 per group) were treated with 400 ug anti-CD25 monoclonal antibody PC61 or 400 ug rat IgG1 control antibody by IP injection. Three days later, mice were sacrificed and splenocytes were prepared and mixed to determine the level of Tregs for comparison. As shown in Fig. 1A , approximately 20% of the CD4 T cells in control antibody-treated aged mice are CD25+/FOX P3+. In comparison, the percentage of CD25+/FOX P3+ CD4 T cells in PC61treated aged mice dropped to less than 0.5% (Fig. 1B) , representing a 97% reduction in Treg levels. However, it was also noted that with the reduction of CD25+FoxP3+ CD4 T cell population, there is an increase in the CD25-FoxP3+ CD4 T cell population, from about 5% in control mice (Fig. 1A) to about 28% in PC61-treated mice (Fig. 1B) . To further investigate this observation, the splenocytes were cultured for 12 hr in complete medium without any stimulant and then stained for Tregs. As shown in Figure 1C , after 12 hr culturing, the percentage of CD25+FoxP3+ CD4 T cells returned to about 26%, that is comparable to the control mice. On the other hand, the levels of CD25-FoxP3+ CD4 T cells dropped to about 10% after 12 hr culturing. These results indicate that the Tregs were not depleted by PC61 antibody treatment. Rather, the antibody treatment led to down-regulation of surface C25, which rapidly recovered after removal of the antibody.
PC-61 treatment of aged mice augments induction of antibody responses by influenza VLPs
We further investigated whether treatment anti-CD25 antibody PC61 will enhance induction of antibody responses by influenza VLP vaccines in aged mice (18 month-old, Groups of 6). As outlined in Fig. 2A , one group received PC61 prior to both priming and boosting immunizations (Group PB), one group received PC61 only prior to priming immunization (Group P), one group received PC61 only prior to boosting immunization (Group B), one group received IP injection of control antibodies prior to both priming and boosting immunizations (Group NT), and a control group received PC61 prior to both priming and boosting immunizations but received control SIV Gag VLPs in immunizations (Control). As shown in Fig. 2B , aged mice were vaccinated by influenza virus A/PR/8/34 (PR8) VLPs (1 ug per immunization per animal) twice at 4-week intervals with or without PC61 treatment prior to priming or boosting immunizations, and blood samples were collected at 2 weeks after the second immunization for comparing antibody responses.
We first compared the levels of total IgG and IgM antibodies against the HA of influenza virus PR8 by ELISA. As shown in Fig. 3A , the IgG levels against PR8 HA in serum samples from Group NT, which received control antibodies prior to both priming and boosting immunizations, reached to about 20000 ng/ml. In comparison, the IgG levels against PR8 HA in serum samples from Group PB, which received PC61 treatment prior to both priming and boosting immunizations, reached to about 80000 ng/ml, a 4-fold increase compared to Group NT (p<0.01). Further, the levels of IgG against PR8 HA in serum samples from Group P and Group B, receiving PC61 treatment prior to only priming or boosting immunization respectively, reached to about 50000 ng/ml, more than 2-fold increase compared to Group NT (p<0.01). In contrast, the levels of IgM antibodies against PR8 HA ranged from 3700 ng/ml to 5200/ng/ml among these groups, varying less than 30%.
The functional activity of induced antibody responses was analyzed by an HAI assay. As shown in Fig. 4 , the HAI titer of sera from Group PB mice that received PC61 treatment prior to both priming and boosting immunizations reached over 1:600 on average, which is approximately 4-fold higher than the HAI titer induced in Group NT mice that received control antibodies (p<0.01). Similarly, the HAI titers of sera from Group P and Group B mice were about 2-fold higher than Group NT (p<0.01). These results showed that treatment with anti-CD25 antibody PC61 also enhanced the functional activity of the induced antibody responses, which correlated with the levels of IgG antibodies against PR8 HA.
The IgG2a antibody isotype against influenza virus PR8 HA was more drastically enhanced by Treg blockage in aged mice
We further compared the levels of IgG1 and IgG2a antibody isotypes induced in different groups of mice. As shown in Fig. 5A , the levels of IgG1 antibodies induced in PC6-treated aged mice were higher than those induced in Group NT that received the control antibodies, increasing by about 3, 2, or 1.5-fold for Group PB, Group P, and Group B respectively (p<0.01). In contrast, as shown in Fig. 5B , the levels of IgG2a antibodies against PR8 HA were drastically enhanced in PC61-treated mice than Group NT mice, increasing by more than 15-fold for Group PB and about 10-fold for Group P and 7-fold for Group B respectively (p<0.01). The relative IgG2a/IgG1 ratio in Group PB mice increased by almost 5-fold compared to Group NT mice. Taken together, these results showed that treatment by anti-CD25 antibody PC61 prior to PR8 VLP immunizations not only enhanced antibody class switch from IgM to IgG but also significantly augmented induction of IgG2a antibodies in aged mice.
Immunization by influenza virus PR8 VLPs after Treg blockage completely protects aged mice against a high dose lethal influenza virus challenge
At 4 weeks after the second immunization, aged mice (Groups of 6) were challenged with 100 LD50 of mouse adapted influenza virus A/PR/8/34 to evaluate whether treatment with anti-CD25 antibodies prior to immunizations will improve protective efficacy of influenza VLPs in aged mice. As shown in Fig. 6A , Group PB mice that received PC61 treatment prior to both priming and boosting immunizations were 100% protected, whereas all Group NT mice that received isotype control antibodies as well as Control Group mice succumbed to the challenge. In comparison, mice that received PC61 treatment only prior to priming immunization (Group P) or the boosting immunization (Group B) were partially protected from the challenge at 67%. These results showed that treatment with anti-CD25 antibody PC61 prior to immunization with influenza VLPs significantly enhanced the protective efficacy against a high lethal dose challenge by influenza virus in aged mice. However, it was also observed that all aged mice exhibited significant weight loss (over 10%) after the high dose lethal challenge (Fig. 6B ). Nonetheless, mice in Group PB were observed to have the least body weight reduction (less than 15%) after challenge, indicating enhanced protection against pathogenesis by influenza virus infection.
Discussion
The reduced immunogenicity of influenza vaccines in aging hosts can be largely attributed to immunosenescence, which is a hallmark of the aging process and is manifested by reduced immune responses to vaccination and increased susceptibility to virus infection [23] [24] [25] . Results from both clinical studies and animal models suggest that in aged hosts, many aspects of both innate and adaptive immune responses exhibit significant decline [40, 41] . Of note, the levels of Tregs were found to increase significantly in aged hosts. These cells constitutively express the CD25 on the surface and exhibit suppressive capabilities to T cell proliferation [29] . In the present study, we investigated the potential role of Treg in modulating immune responses induced by influenza VLP vaccines in aged mice. We observed that injection of anti-CD25 antibody PC61 into aged mice resulted in drastic loss CD25+/FoxP3+ CD4 T cells (Tregs), but at the same time increased the levels CD25−/ FoxP3+ CD4 T cells. Interestingly, by culturing the splenocytes from PC61-treated aged mice for 12 hr, it was found that the levels of CD25+/FoxP3+ CD4 T cells (Tregs) increased back to normal levels, whereas the levels CD25−/FoxP3+ CD4 T cells decreased accordingly at the same time. Conflicting results have been reported as to whether injection of anti-CD25 antibody PC61 will lead to true depletion of Tregs or simply inhibition of their function in mice [42, 43] . Our results here from this study support the idea that injecting anti-CD25 antibody PC61 does not lead to permanent loss of Tregs, but rather result in down-regulating or masking surface CD25 on these cells and thereby blocking their functional activity.
Our results showed that blockage of Treg functions by PC61 treatment prior to immunization significantly increased the levels of antibody responses induced in aged mice by influenza VLP vaccines. These findings are in agreement with previous studies that showed inhibition of Treg functions by injection anti-CD25 antibody PC61 could enhance induction of immune responses in young adult mice [32, 33] . Interestingly, we observed that while the levels IgG against influenza virus PR8 HA increased significantly in mice that received PC61 prior to immunizations, the levels of IgM against PR8 HA were not significantly affected. Further, our results showed that for IgG antibodies against PR8 HA, the levels of the IgG2a isotype were more drastically enhanced by PC61 treatment in aged mice than the levels of the IgG1 antibody isotype. Previous studies have shown that in aged hosts, somatic hypermutation as well as class switching of B cells are impaired and as a result, the ability to produce high affinity antibodies decreases [44, 45] . Further, reduction in the number of naive B cells also limits the repertoire of the antibody response against new antigens [46] [47] [48] . Taken together, these results indicate that the high levels of Treg in aged mice may exert an inhibitory activity on antibody class-switch to IgG subclass, and blockage of Treg functions overcomes such inhibition and thereby enhances IgG antibody induction, particularly IgG2a antibody induction. Notably, the levels of IgG antibodies against HA as well as the HAI activity in sera from Group PB are also significantly higher than those in sera from Group P and Group B (p<0.05), indicating blockage of Treg could enhance antibody induction by influenza VLPs in aged mice during both priming and boosting immunizations.
Through assessing the functional activity of antibody responses induced by influenza VLP vaccines, we found that sera from aged mice that received anti-CD25 antibody PC61 treatment prior to both priming and boosting immunizations (Group PB) as well as only priming (Group P) or boosting (Group B) immunizations showed higher levels of HAI activity against influenza virus PR8 than sera from aged mice that received rat-IgG isotype control antibodies prior to priming and boosting immunizations (Group NT). Notably, the levels of HAI activity exhibited a better correlation with the total level of IgG antibodies against PR8 HA but not with a particular IgG isotype. After challenge with a high lethal dose (100 LD50) of mouse-adapted influenza virus PR8, the mice in Group PB were all protected from death, while the mice in Group P and Group B were partially protected. In comparison, all mice in Group NT succumbed to challenge similar as the Control Group mice. Protection aged mice against such a high lethal dose challenge seems to correlate with the levels of total IgG antibodies against HA and the HAI activity of sera from vaccinated mice. Of interest, we have in previous studies showed that aged mice vaccinated with 1 ug of influenza VLPs, similarly as the Group NT in the present study, were completed protected from death against lethal challenge by a lower dose (10 LD50) of the same mouse-adapted influenza virus PR8 [35] . Further, the aged mice in previous studies only exhibited slight body weight loss (less than 10%) after challenge by 10 LD50 mouse-adapted influenza virus PR8. In contrast, mice of all groups in this study exhibited over 10% body weight loss after a high lethal dose challenge (100 LD50). Taken together, these results indicate that full protection of aged hosts against high lethal dose influenza virus infection may require a higher levels of immune response induced by vaccination. This requirement, together with the immunosenescence in aged hosts, poses a difficult challenge to the development of an effective influenza vaccine for the aged population. Further elucidation of deficiencies of influenza vaccines and the mechanism of immune protection against influenza virus infection in aged hosts is of high importance for developing more efficacious influenza vaccine to protect the aged population, especially for developing vaccines against emerging highly pathogenic H5N1 as well as H7N9 avian influenza viruses that are now endemic in poultry species and continuing to cause human infections and outbreaks [49, 50] .
Figure 1. Injection of anti-CD25 antibody PC61 into aged mice results in blockage of surface CD25 expression on Tregs
Splenocytes from aged mice were stained ofr surface expression of CD4, CD8, CD25, and intracellular expression of FoxP3 as described in Materials and Methods, and data was analyzed with the Flowjo 4.2 software. Lymphocytes were gated by the size of the cells based on Forward-and Side-Scattering values, and CD4 T cells were gated as CD4+/CD8− cell population, which were then further analyzed for surface expression of CD25 and intracellular expression of FoxP3. (A). Direct staining of surface expression of CD25 and intracellular expression of FoxP3 in CD4 T cells from mice that received injection of rat isotype control antibody. (B) . Direct staining of surface expression of CD25 and intracellular expression of FoxP3 in CD4 T cells from mice that received injection of anti-CD25 antibody PC61. (C). Staining of surface expression of CD25 and intracellular expression of FoxP3 in CD4 T cells from mice that received injection of anti-CD25 antibody PC61 after 12 hr culturing. (A). Outline of immunization regimen and anti-CD25 antibody treatment schisms for different groups of aged mice. Aged mice (18-month old, 6 per group) were treated by injecting with anti-CD25 antibody PC61 prior to both priming and boosting immunizations (Group PB), only prior to priming immunization (Group P), only prior to boosting immunization (Group B), or injection of isotype control antibodies prior to both priming and boosting immunizations (Group NT). At 3 days after antibody injection, the mice received vaccination by intramuscular injection of 1 ug influenza virus PR8 VLPs as indicated. A control group received anti-CD25 antibody prior to both priming and boosting immunizations but received SIV Gag VLPs in both immunizations (Control). (B) . Schematic diagram of immunization, anti-CD25 antibody treatment, blood sample collection, and challenge schedules. Mice were treated with either anti-CD25 antibody PC61 or rat isotype control antibodies at 3 days prior to each immunization. Mice were vaccinated twice at 4week intervals, Blood samples were collected at 2 weeks after the second immunization for analysis of antibody responses. Mice were challenged at 4 weeks after the second immunization for comparing protective efficacy of different immunization regimens. Groups aged mice (6 per group, 18-month old) were immunized twice at 4-week intervals by different immunization regimens as shown in Fig. 2 . Blood samples were collected at 2 weeks after the second immunization and analyzed for their activities to inhibit hemagglutination by influenza virus PR8. The ability of sera to inhibit hemagglutination by influenza virus A/PR/8/34 were determined and expressed as the highest dilution that resulted in complete inhibition of hemagglutination (HAI titer). Error bars indicate standard deviations for each group. Data are presented as the mean ± standard deviation. (*) indicate significantly higher compared to Group NT (p<0.01) and (**) indicate significantly higher compared to Group P or Group B (p<0.05). Wen 
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